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postprandial hyperglycemia still occurs. Hyperglycemic postprandial glucose excursions were found to reach glucose levels > 300 mg/dl in 50% and over 180 mg/dl in almost 90% of children with type 1 diabetes with relatively good metabolic control. 2 Similar findings were made for adult and adolescent subjects with type 1 diabetes receiving multiple insulin injection therapy. 3, 4 The incidence of postprandial hyperglycemia may be partially related to the time delay between fast excursions in blood glucose levels following meals and, in comparison, the slow absorption of subcutaneously injected/infused insulin. Indeed, when insulin is given 20 min ahead of the meal, 5 a significant reduction in postprandial glucose is observed. However, this method bears a potential hypoglycemic risk when meals are delayed or forgotten and increases patient inconvenience.
Among them are insulin formulation, insulin delivery site, insulin dose, insulin delivery method, and local blood perfusion at the insulin delivery site. These factors can cause unwanted variability in the metabolic effect of insulin, but they can be tuned to stabilize the insulin metabolic effect and to accelerate insulin action. Many studies have been accomplished to investigate the limiting factors in order to accelerate the overall process of insulin absorption from the delivery site to the blood system. Some approaches for accelerating insulin action are using additional substances in combination with insulin. 7, 8 Physical interventions such as exercise, temperature, and other physical factors can lead to changes in the pharmacological profile of a drug. 9 The following discussion focuses on stimulation of local blood flow, especially by warming the insulin application site, and its effect on postprandial glycemic excursions.
Local Blood Circulation
Subcutaneous blood circulation is very important for the absorption of subcutaneously delivered insulin. Local blood flow can be measured with several invasive or noninvasive techniques, e.g., radioisotope clearance, laser Doppler flowmetry, pulse oximetry, and photoplethysmography. Circulation can be influenced by many parameters, including mechanical stimulation, chemical stimulation, ambient temperature, and even emotional state.
Local Skin Massage
In the early 1980s, a study by Dillon 10 reported improved insulin absorption following local skin stimulation. They used local massage at the area of the injection site for 3 min post-insulin injection in a study with 26 diabetes subjects. In that study, a significant decrease in mean glycosylated hemoglobin (HbA1c) level was observed, from 10.6% to 8.6% at 3-6 months. These results indicate that local skin blood flow stimulation that improves insulin absorption may also improve overall metabolic control.
Local Skin Warming
During heat stress, elevated skin temperature leads to cutaneous vasodilatation. 11, 12 Laser Doppler measurements of local skin blood flow were found to increase from baseline when skin temperature was over 37 °C and reach a maximum when skin temperature was held at 42 °C. 13 The local effect of heat on skin blood vessels is biphasic and appears to be mediated by two independent pathways: the initial phase is mediated by local activation of afferent cutaneous sensory nerves, while a prolonged plateau phase is mediated by local generation of nitric oxide. 11, 12 In 1980, Koivisto 14 published a study that investigated the effect of sauna (twice for 25 min at 85 °C) on the disappearance rate of 125I-labelled rapid-acting insulin and found that sauna accelerated insulin absorption by 110% as compared with room temperature (p < .01). Additionally, sauna conditions were found to reduce the postprandial glucose rise 2 h after breakfast to 3.2 mmol/liter compared with a rise of 5 mmol/liter observed at room temperature (p < .05).
The relation between temperature and medication kinetics was tested in several studies. In 1986, Danon and associates 15 investigated the effect of exercise and heat exposure on absorption of methyl salicylate. The systemic availability with both heat exposure and exercise was increased threefold compared with resting at room temperature, with heat exposure having a slightly larger effect. Ashburn and colleagues 16 found significantly increased serum fentanyl concentrations during the first 4 h after application of a transdermal fentanyl patch when heat was applied. 16 The relation between kinetics and temperature was also tested for insulin. In one study, Sindelka and coworkers 17 demonstrated a positive correlation between local skin temperatures at the insulin injection site and serum insulin levels 45 min after injection for skin temperatures ranging between 30 and 37 °C for U40 and U100 regular human insulin.
Local Skin-Warming Device
In the following, we focus on an innovative approach developed in order to accelerate insulin absorption into the bloodstream using a device for warming the skin locally. The InsuPatch TM device (InsuLine Medical, PetachTikva, Israel) is an add-on to insulin pumps that applies local, controlled heat to the skin in the vicinity of the insulin delivery site (Figure 1) . It consists of a ringshaped heating pad attached to the bottom of the insulin infusion set catheter and a controller that monitors the temperature of the heating pad. The control unit is housed in the infusion pump case, and it monitors the activity of the insulin pump. Once the controller detects an insulin bolus infusion, it activates the heating pad to warm the tissue surrounding the injection site to 38.5 °C for 30 min after insulin delivery, without overheating the insulin itself to avoid temperature-driven degradation of the insulin. The effect of the local warming device on the pharmacokinetic and pharmacodynamic profiles of rapid-acting insulin analogs was tested in a series of clinical studies.
Meal Tolerance Test Study
Raz and colleagues 18 presented results of a meal tolerance test glucose clamp study in 2009 in which the device for application-site warming was used. Study population was 17 subjects with type 1 diabetes aged 18 to 65 years (mean 31.8 years) with HbA1c of 6% to 12% (mean 7.1%) who were using continuous subcutaneous insulin infusion therapy. The meal tolerance test protocol was performed twice in 3 weeks, once with the device and once without it, in randomized order.
Subjects' fasting glucose levels were stabilized to 100-150 mg/dl (mean blood glucose was 126 ± 21 mg/dl) using insulin or a glucose (20% concentration of dextrose solution) drip if needed. Insulin and glucose infusions were stopped 30 min before time 0, when an insulin bolus of 0.15 U/kg was delivered using the subject's own insulin pump, and then the pump was stopped. Immediately afterward, the subject drank a standardized liquid meal (480 ml Boost ® , Novartis Medical Nutrition, Munich, Germany; 480 kcal, 8 g fat, 81 g total carbohydrate, and 20 g protein).
The average postprandial glucose change from baseline with and without the local warming device is shown in Figure 2 . Using the device was associated with reduced postprandial glucose levels until almost 3 h after meal. The area under the curve (AUC) of glucose change for the total 4 h study was also reduced when the device was applied. The glucose excursion was significantly reduced at 60 min post-meal when using the device in comparison with not using the device (59 ± 42 versus 93 ± 40 mg/dl; p < .005), with maximum reduction at 90 min post-meal (74 ± 48 versus 121 ± 43 mg/dl; p < .005). Glucose excursion AUC was significantly reduced when using the device compared with not using it at 120 min postmeal (33% reduction, 104 ± 65 versus 155 ± 56 mg/dl/h; p < .005) and at 180 min post-meal (26% reduction, 192 ± 109 versus 261 ± 95 mg/dl/h; p < .005).
In the same study, plasma insulin levels were measured randomly in nine subjects during the meal tolerance test procedure. The subjects' demographic, anthropometric, and baseline data were not different from those of the entire sample. The mean plasma insulin profile during the meal tolerance test is shown in Figure 3 . Heating with the device was associated with a significant reduction in time to maximum insulin concentration (45 ± 28 versus 78 ± 35 min; p < .05). Use of the device was also associated with an increase in maximum insulin concentration (118 ± 35 versus 86 ± 16 mU/liter; p < .05). The area under the insulin concentration curve during the first hour was also increased (80 ± 28 versus 55 ± 12 mU/liter/h; p < .05).
Clamp Study 1
The effect of the local warming device on rapid-acting insulin analog pharmacodynamics was also studied using the euglycemic glucose clamp technique 19 after an overnight fast. 20 The euglycemic glucose clamps were performed in nine subjects with type 1 and type 2 diabetes [gender, male/female 6/3; age 21- ); and HbA1c 5.7-8.0% (mean 6.5%)]. The clamp procedure was performed on two separate visits under identical conditions except that the local heating device was used only during one visit in randomized order. After glucose stabilization at 100 ± 10 mg/dl, a standardized bolus of 0.15 U/kg was delivered and glucose was clamped using dextrose infusion. The end point of the euglycemic clamp study was the time to maximum insulin concentration. The glucose infusion rate as function of time is shown in Figure 4 . Time to maximum insulin concentration was significantly decreased (51 ± 10 versus 90 ± 21 min; p < .002). A reduction was also observed for the time until glucose infusion rate declined below 2 mg/kg/min (183 ± 75 versus 219 ± 82 min, mean ± standard deviation; p < .05).
Clamp Study 2
Preliminary results from another glucose clamp study were presented in early 2011. 21 The warming device was used to investigate the effect on pharmacokinetics and pharmacodynamics in eight young patients with type 1 diabetes. Basal infusion was suspended after breakfast bolus delivery and glucose levels were maintained. When the warming device was used, time to peak insulin action occurred earlier than without the device. The AUC during the first 90 min was significantly increased.
Standard Meal Study
Another study used standardized meals and was composed of two parts: an in-house part where the effect of the device on insulin pharmacokinetics and postprandial glucose levels was tested 22 and an outpatient part to test the safety of the device under home-use conditions. All 24 type 1 diabetes subjects in this study were on continuous subcutaneous insulin infusion therapy and aged 43.5 ± 11.3 years, with a mean HbA1c of 7.4% ± 0.8%.
The in-house part of the study included a 4-day clinical meal test repeating the same meal and insulin therapy, 2 days with and 2 days without the device. Breakfast meals were composed of 65% carbohydrates, 15% protein, and 20% fat. Dinner meals were composed of 40% carbohydrates, 20% protein, and 40% fat. Meal insulin doses were identical for the experiment days with and without the heating device. The primary end point of this study was the AUC of capillary blood glucose above baseline between 0 and 120 min after meals divided by integration time (AUC/t120).
The AUC/t120 was significantly reduced when the local warming device was used (breakfast not heated 66.4 ± 32.8 mg/dl versus heated 56.8 ± 34.0 mg/dl, 42 meal pairs, p = .0170; dinner not heated 30.8 ± 31.0 mg/dl versus heated 18.4 ± 23.9 mg/dl, 38 meal pairs, p = .0028).
Interestingly, the effect of the device on the AUC120 after the slowly absorbed dinner was approximately three times stronger than after the fast-absorbed breakfast (14% reduction in AUC120 for breakfast and 40% reduction in AUC120 for dinner). This difference might be due to the difference in meal composition. Postprandial glucose excursions are affected by several factors such as meal composition 23 and diurnal variations of the reaction to meal intake. 24 Both are likely to have contributed to the different effects observed in the studies reviewed here.
Insulin concentration measurements during 2 h after insulin bolus in 23 breakfast meals with and without warming during the first two days were analyzed. The maximum venous insulin concentration above baseline was significantly (p < .001) increased, and it was reached earlier when the local warming device was used (not heated, 63.3 ± 34.8 mU/liter after 52.1 ± 24.8 min; heated, 79.3 ± 41.6 mU/liter after 43.3 ± 13.5 min). The amount of insulin during the first hour as measured by the AUC of insulin concentration above baseline divided by integration time was increased by 21% when the local warming device was used (not heated, 44.1 ± 23.2 mU/liter; heated, 53.4 ± 30.6 mU/liter; p = .007).
The outpatient part of the study compared 14 days using the device with 14 days without the device. There was no increase in incidence of hyperglycemic and hypoglycemic events when the local warming device was used compared with when the device was not used. At the end of each period, patients were asked to have the same meals on 2 days with additional postprandial blood glucose measurements. A reduction of postprandial excursion could be observed, but it was not statistically significant.
The insulin dose has an effect on insulin action profile 25 and should therefore be taken into account when comparing the aforementioned studies. A euglycemic clamp study conducted with 18 subjects with type 1 diabetes evaluated the dose response of insulin glulisine. 25 Time to maximum insulin concentration was reported to increase with increasing glulisine dose; its values were 47, 57, and 72 min for insulin doses of 0.075, 0.15, and 0.3 U/kg, respectively.
The difference in dosing could also explain the different effect magnitude of local skin warming. It is expected that increasing local blood perfusion would have more effect on insulin pharmacokinetics when the absorption rate is slow, e.g., with a high insulin dose.
As already mentioned, the observed effect of accelerating insulin absorption and reduced postprandial glucose excursion by local heating of the injection site is most probably due to improved local perfusion. The effect of the local warming device can potentially be further increased by applying a higher heating temperature to the skin. In the current device version, a heating pad is kept at 38.5 °C. It was shown that the maximum effect of heating on local blood perfusion starts to increase at temperatures above 37 °C and is maximal at 42 °C. 13 Increasing the temperature from 38.5 °C will possibly result in an increased insulin absorption rate, but the temperature will have to be low enough so that the subject will be comfortable and not be physically injured, and the insulin will not be affected.
Local blood flow is affected by the skin area, age, and diabetes, 26 and the importance of these factors for the use of a local heating device has to be studied in future. The local warming device can be combined with an insulin pump, but the higher power consumption might lead to a more frequent battery change. This issue will be addressed in newer models of the device. First studies in patients have been performed successfully, but larger daily life studies have to be done. These studies could provide helpful insight into the intra-and inter-individual variability in the response to local heat application.
Conclusions
The results reported here have shown that using devices like a local warming device have a beneficial effect on postprandial blood glucose excursion by enhancing insulin absorption. This effect should be further studied in different types of populations and different experimental settings to specify indications for everyday use.
The improvement in insulin pharmacokinetics profile demonstrated by the local warming device, which can be combined with an insulin pump, may be beneficial for the development of closed-loop systems. The pharmacokinetic parameters of current insulin are presently a barrier in the design of completely automated closed-loop insulin delivery systems around meal times. A faster insulin profile may enable an adaptive model-based algorithm to compensate for postprandial blood glucose excursions in a much more flexible way.
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